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General anesthetics have previously been shown to bind mitochondrial VDAC. Here, using a photo-
active analog of the anesthetic propofol, we determined that alkylphenol anesthetics bind to Gly56
and Val184 on rat VDAC1. By reconstituting rat VDAC into planar bilayers, we determined that pro-
pofol potentiates VDAC gating with asymmetry at the voltage polarities; in contrast, propofol does
not affect the conductance of open VDAC. Additional experiments showed that propofol also does
not affect gramicidin A properties that are sensitive to lipid bilayer mechanics. Together, this sug-
gests propofol affects VDAC function through direct protein binding, likely at the lipid-exposed
channel surface, and that gating can be modulated by ligand binding to the distal ends of VDAC
b-strands where Gly56 and Val184 are located.
 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The mitochondrial voltage-dependent anion channel (VDAC) is
a b-barrel protein in the mitochondrial outer membrane. Ions
and small metabolites diffuse through the open channel between
the cytosol and mitochondrial intermembrane space. The channel
remains open under low voltage and has twofold selectivity for
anions relative to cations. However, as the transmembrane poten-
tial increases to 30–40 mV, VDAC begins to change conformations
to various ‘‘closed’’ states. VDAC closure (also referred to as ‘‘gat-
ing’’) is characterized by a decrease in channel conductance and
a reversal in ion selectivity [1].
The functional properties of VDAC proteins are remarkably con-
served across eukaryotic species. However, VDAC function can be
affected by membrane composition [2,3], pH [4,5], speciﬁc pore
block [6], and the small molecule erastin [7]. A number of general
anesthetics have also been identiﬁed as VDAC ligands, with bind-
ing determined by photolabeling with anesthetic analogs [8–23].
These ligands bind VDAC from amphibians, insects, ﬁsh, and mam-
mals [8]. While these lipophilic compounds often bind integral
membrane proteins after partitioning into membranes, anestheticbinding to VDAC is generally saturable or speciﬁc [8]; however,
any direct functional relevance of anesthetic–VDAC binding has
not been identiﬁed.
In previous work, we determined that the anesthetic photolabel
meta-azi-propofol (AziPm), an analog of the clinically used com-
pound propofol (Fig. 1A), binds neuronal VDAC in vivo in Xenopus
laevis tadpoles [22]. We then determined that AziPm binding to
VDAC is inhibited by propofol, suggesting conserved binding of
the alkylphenols to some saturable VDAC site(s) [22]. To further
investigate alkylphenol–VDAC interactions, speciﬁcally the binding
sites and functional consequences, we transitioned our experi-
ments here to mammalian systems.
2. Materials and methods
2.1. Materials
Propofol (2,6-diisopropylphenol) was from Sigma–Aldrich, and
AziPm was synthesized according to published methods [24].
AziPm was tritiated by Ambios Labs (Newington, CT) and its appli-
cation has been reported previously [22]. Electrophoresis appara-
tuses and gels were from Bio-Rad, and DOPC and DOPE were
from Avanti Polar Lipids, Inc. (Alabaster, AL). Gramicidin A was a
generous gift of O.S. Andersen, Cornell University Medical College.
Instrumentation for scintillation counting and UV–Vis spectros-
copy are described elsewhere [22].
Fig. 1. (A) Propofol (top) and AziPm (bottom) (B) IEF/SDS–PAGE gel of rat brain mitochondria. Spots 1–5 primarily contain VDAC isoforms, and spot ‘‘m’’ contains malate
dehydrogenase 2. (C) The location of VDAC1 residues Gly56 and Val184, which are photolabeled by AziPm, are indicated in red spheres on the crystal structure of recombinant
rat VDAC. (Left), the protein surface is shown in mesh, and the view through the barrel is from the cytosolic side. (Right), the blue lines indicate the predicted hydrophobic–
hydrophilic interface of membrane lipids. Here, the cytosolic side is on the left.
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Female Sprague Dawley rats were anesthetized with isoﬂurane
before decapitation. The brains were homogenized in ice-cold iso-
lation buffer (0.32 M sucrose, 5 mM Tris, pH 7.4) supplemented
with protease inhibitors, and puriﬁed mitochondria were isolated
as described without detergents [25]. Aliquots of mitochondria
(>5 mg/ml) were frozen in isolation buffer until use.
2.3. IEF/SDS–PAGE
Mitochondria were pelleted, and after removing the isolation
buffer, pellets were washed twice with ice-cold 2 mM Tris, pH
7.4. After pelleting again, 150 lg of protein was dissolved in
125 ll of IEF/SDS–PAGE buffer (7 M urea, 2 M thiourea, 20 mM
DTT, 4% CHAPS, and 0.2% carrier ampholytes). Isoelectric focusing
and SDS–PAGE proceeded according to the manufacturer’s instruc-
tions using 7 cm IPG strips and 4–15% precast SDS–PAGE gels.
2.4. VDAC identiﬁcation and LC–MS/MS
Mitochondrial protein was separated by IEF/SDS–PAGE then
stained with Coomassie G-250. Protein spots that were candidates
for containing VDAC were identiﬁed based on molecular weight
and isoelectric point. These were excised for LC–MS/MS. Cysteines
were alkylated, and after trypsin digestion, samples were injected
into a nanoLC column with online electrospray into a Thermo LTQ
linear ion trap. XCalibur acquired raw data, and Sequest searched
b and y ions. For protein identiﬁcations, a database was down-
loaded from www.uniprot.org with the search term ‘‘rattus nor-
vegicus’’. Search parameters were 1 amu parent ion tolerance,
1 amu fragment ion tolerance, full tryptic digest, one missed cleav-age, variable methionine oxidation, and ﬁxed cysteine carboxyami-
domethylation. Filter parameters were Xcorr scores (+1 ion) 1.5, (+2
ion) 2.0, (+3 ion) 2.5, deltaCn 0.08, peptide probability >0.05, and
two unique peptides.
2.5. Mitochondria photolabeling
Mitochondria were diluted to 1 mg/ml in isolation buffer before
adding ligand(s). Samples were incubated at room temperature in
the dark for 10 min before photolabeling in a quartz cuvette (path-
length 1 mm) for 15 min with a lamp described elsewhere [22].
After photolabeling, mitochondria were pelleted and washed with
ice-cold isolation buffer, pelleted again, then washed twice with
2 mM Tris, pH 7.4. Subsequently, the pellet was dissolved in IEF/
SDS–PAGE buffer for two-dimensional electrophoresis.
2.6. Scintillation counting of VDAC spots
After IEF/SDS–PAGE of mitochondrial protein photolabeled with
[3H]AziPm, gels were Coomassie stained and scanned, and spot
intensity was quantiﬁed as previously described [22]. VDAC pro-
tein spots were then excised, dissolved in H2O2, and scintillation
counted. Scintillation counts were normalized to spot intensity
(i.e., protein abundance) for quantitative analyses.
2.7. Identiﬁcation of AziPm binding sites
Mitochondria photolabeled with AziPm were separated with
IEF/SDS–PAGE, the gels were stained, and protein spots were
excised and processed for LC–MS/MS as above after either trypsin
or chymotrypsin digestion. After LC–MS/MS, the spectra were
searched against rat sequences of VDAC1, VDAC2, VDAC3, and
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described above were used along with a maximum of three post-
translational modiﬁcations per peptide and a variable AziPm mod-
iﬁcation (+216.08 Da) on any residue. To sequence the N-terminus
of VDAC1, however, a speciﬁc search for alanine acetylation [26]
with partial tryptic digest was required. This procedure conﬁrmed
that the N-terminal methionine of VDAC1 is removed during pro-
tein maturation in vivo, and also that the second coded residue
(alanine) is acetylated [26]; however, we included the coded
methionine (Met1) in the numbering of amino acids. For protein
sequencing, only the highest scoring peptide assignment for each
spectrum was considered, and spectra of peptides containing
AziPm adducts were manually conﬁrmed.
2.8. Structural analyses
For structural analyses of rat VDAC1, we used PDB code 3EMN,
which represents a crystal structure of recombinant rat VDAC
refolded from inclusion bodies [27]. This was oriented in a hypo-
thetical membrane with the PPM server of Orientation of Proteins
in the Membrane [28], and PyMOL was used for generating struc-
tural images [29]. In addition to the 3EMN structure, we referenced
a proposed, alternatively-folded VDAC protein with a structural
topology that was deduced from experimental studies and has
been described elsewhere [30–32]. This protein is proposed to con-
tain an integral transmembrane helix and 13 b-strands [30–32];
however, a high-resolution structure of VDAC that is folded in this
manner is not available.
2.9. Reconstitution of VDAC into planar lipid bilayers
Frozen mitochondrial membranes from rat liver were kindly
provided by Marco Colombini (University of Maryland, College
Park). VDAC was isolated from the membranes by the standard
method [33] and puriﬁed on a 2:1 hydroxyapatite:celite column
following a previously described protocol [34]. Puriﬁed VDAC
was stored at 0.2 mg/ml in 10 mM Tris, pH 7.0, 50 mM KCl,
1 mM EDTA, 2.5% Triton X-100, and 15% DMSO at 80 C.
Planar lipid bilayers were formed from a lipid mixture of 1:1
DOPC:DOPE in pentane from two opposed preformed lipid mono-
layers as described previously [2,5]. Channel reconstitution was
achieved by adding 0.1–0.2 ll of puriﬁed VDAC to the 1.2 ml
aqueous solution of 1 M KCl buffered with 5 mM Hepes, pH 7.4,
in the cis compartment while stirring.
2.10. Electrophysiological recordings of VDAC
All electrophysiology experiments were performed essentially
as described [2,5]. Membrane potential was maintained by Ag/AgCl
electrodes with 3 M KCl and 15% agarose bridges. Potential was
deﬁned as positive when it is greater on the cis side, i.e. the side
of VDAC addition. An Axopatch 200B ampliﬁer (Axon Instruments,
Inc., Foster City, CA) was used in voltage clamp-mode. Single-chan-
nel currents were ﬁltered by the ampliﬁer low-pass Bessel ﬁlter at
10 kHz. Data were acquired with a Digidata 1440A board (Axon
Instruments, Inc.) at a sampling frequency of 50 kHz for single-
channel recordings, which were analyzed with pClamp 10.2 soft-
ware (Axon Instruments, Inc.).
For multichannel experiments, a symmetrical 5 mHz triangular
voltage wave with amplitude ±60 mV was applied with a Hewlett
Packard 33120A waveform generator [2,5], and data was saved
with a 1 Hz sampling frequency. Current responses to 5–10 periods
of triangular voltage waves were recorded. For subsequent analy-
ses, the parts of the wave in which VDAC re-opens (i.e., 60 mV
to +10 mV, and +60 to 10 mV) were used. Relative multichannelconductance and open probability plots were calculated based on
a previously described approach to gating analysis [2,5]. The gating
parameters V0 and n were calculated from the open probability
plots as extensively discussed elsewhere [2,5,35,36].
After collecting control data (0 lM propofol), both in single and
multichannel experiments, propofol diluted in 1 M KCl, 5 mM
Hepes, pH 7.4, was then added to the bath in both the trans and
cis compartments while stirring, and measurements were again
collected. After each experiment, the cis and trans aqueous solu-
tions were collected and the volumes were measured to determine
exact propofol concentrations, which were then conﬁrmed with
UV spectroscopy.
2.11. Gramicidin A experiments
Planar bilayers of 1:1 DOPC:DOPE were formed as described
above in 1 M KCl with 10 mM Hepes, pH 7.2. Gramicidin A from
109 M ethanol stock solution was added to both aqueous com-
partments at the amount sufﬁcient to give a single channel activity
(1 ll). For gramicidin A channel lifetime and conductance, the
records were digitally ﬁltered at 2 Hz using Bessel algorithm and
analyzed using Clampﬁt 10.2 software as described previously
[2]. After control recordings were obtained, propofol dissolved in
1 M KCl and 10 mM Hepes, pH 7.4, was added in increasing con-
centrations to both compartments. Mean channel conductance
was calculated from Gaussian ﬁts to current amplitude histograms,
and channel lifetimes were calculated from ﬁts to logarithmic sin-
gle exponents of at least 250 channel events [2].3. Results and discussion
To conﬁrm alkylphenol anesthetic binding to mammalian
VDAC, we ﬁrst enriched and identiﬁed VDAC protein. We puriﬁed
rat brain mitochondria then separated the protein with IEF/SDS–
PAGE. Initially guided by protein molecular weight and isoelectric
point, and subsequently conﬁrmed with LC–MS/MS, we identiﬁed
ﬁve spots that contained VDAC as the major component (Fig. 1B).
Although there are only three mammalian VDAC isoforms, each
can be post-translationally modiﬁed [37], which can alter protein
migration during isoelectric focusing. 64–91% of total spectra per
spot were assigned to VDAC (Table S1), and each spot contained
multiple isoforms.
With VDAC identiﬁed, we then photolabeled mitochondria with
10 lM [3H]AziPm ±100 lM propofol, again separated the protein
with IEF/SDS–PAGE, and dissolved the VDAC gel spots in H2O2.
Scintillation counting of the VDAC spots after [3H]AziPm photola-
beling revealed cpm signiﬁcantly above background (>4-fold each
spot), with no selectivity for any spot after normalizing for protein
mass. After conﬁrming that [3H]AziPm did not bind to the major
contaminant in the spots (malate dehydrogenase 2), we deter-
mined that 100 lM propofol decreased 10 lM [3H]AziPm binding
to VDAC by approximately 30%. This is in reasonable agreement
with the 50% displacement of 4 lM [3H]AziPm from X. laevis
VDAC by 400 lM propofol [22].
To identify alkylphenol site(s) on mammalian VDAC, we photo-
labeled mitochondria with 10 lM (non-radioactive) AziPm and
sequenced VDAC with LC–MS/MS. Residues photolabeled by AziPm
were identiﬁed by searching VDAC peptides for a 216 Da modiﬁca-
tion, which corresponds to the mass adduct of photo-reacted
AziPm [8]. With trypsin digest, we identiﬁed Gly56 on VDAC1 as
photolabeled in all ﬁve spots. To increase sequence coverage, we
also digested the most intense spot (spot 2) with chymotrypsin;
Val184 on VDAC1 and the homologous residue on VDAC2
(Val196) were identiﬁed as photolabeled (Figs. 1C, S1 and S2).
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the ﬁve spots, we sequenced 95.7% of VDAC1, 51.9% of VDAC2,
and 41.3% of VDAC3 (Fig. S1). Detection with LC–MS/MS is depen-
dent on protein abundance in the samples, which contributed to
the variability in sequence coverage, as relative spectra counts
for VDAC1:VDAC2:VDAC3 were approximately 10:3:1. Relative
abundance may have also contributed to the lack of identiﬁed
adducts on VDAC3 and a site on VDAC2. The photolabeled glycine
and valine of VDAC1 are conserved in all three isoforms, which
each share 70% sequence identity, and are believed to adopt iden-
tical folds [38–40]; therefore, alkylphenol binding to these residues
on all isoforms remains possible and perhaps likely.
To investigate the locations of the residues that alkylphenols
bind, we ﬁrst used the crystal structure of recombinant mouse
and rat VDAC1 (PDB code 3EMN) [27]. We oriented this VDAC
structure in a hypothetical membrane to calculate the hydrophobic
boundaries of the protein [28]. Both residues were on the cytosolic
half of the protein within the predicted bilayer [41], with Gly56
and Val184 at the periphery of b-strands 3 and 12, respectively.
The backbone a carbons of Gly56 and Val184 were 3.2 and 2.3 Å,
respectively, from the predicted hydrophobic–hydrophilic inter-
face of the protein (Fig. 1C). The membrane depths of these resi-
dues are consistent with the predicted distribution of propofol in
a bilayer, i.e. at the interface of lipid phospho-head groups and acyl
chains [42]. The topology of an alternatively-folded VDAC1 has also
been proposed [30–32], and interestingly, this model also placesFig. 2. (A) Current trace from a single VDAC channel reconstituted in a planar bilayer. N
gating was seen, and the open channel conductance in this experiment was 4.1 nS at eac
the maximum conductance for each experiment (Gmax), which occurs when all channels
channels in the membrane, which ranged between 8 and 22 per experiment. The mean
(17 lM propofol) experiments are shown (SD not shown for 17 lM). (Right), the mean G
with 2.8 and 8.6 lM propofol, respectively, compared to the control.Gly56 and Val184 at the hydrophobic–hydrophilic interface. How-
ever, in contrast to the crystal structure, the residues in this model
are placed near the membrane surface of opposite leaﬂets. Regard-
less, these binding sites should be readily accessible to free ligand
dissolved in lipid, assuming that propofol binds the VDAC residues
at the lipid-facing channel surface and not inside the pore.
After demonstrating conserved binding of the alkylphenol anes-
thetics to rat VDAC, we tested whether the clinical compound pro-
pofol affects its basic electrophysiological properties. For these
experiments, we used native VDAC isolated from rat liver mito-
chondria, which also contains a mixture of the three VDAC iso-
forms. We ﬁrst measured the conductance of open VDAC
reconstituted in a planar bilayer of 1:1 DOPC:DOPE (Fig. 2A). The
measured single channel conductance of 4 nS in a bath of 1 M
KCl, pH 7.4, is in agreement with previously published values [1].
Addition of propofol (1–18 lM) to the bath did not affect open
channel conductance, further suggesting that it is unlikely propofol
binds inside the open channel lumen (Figs. 2A, S3 and Table S2).
We therefore tested whether propofol affects the most charac-
teristic VDAC property, its voltage gating. For these experiments,
we used identical lipid and bath conditions as before, but reconsti-
tuted multiple channels into the planar membrane and applied a
slow symmetrical triangular voltage wave with amplitude
±60 mV [2,5,36,43]. At clinically relevant concentrations (1–
10 lM), propofol concentration-dependently promoted VDAC clo-
sure at negative voltages (Fig. 2B). Because VDAC inserts unidirec-egative and positive voltages were alternately applied as indicated. Typical VDAC
h voltage ± propofol. (B) (Left), VDAC conductance (G) at each voltage normalized to
are open at low voltage. Normalizing by Gmax accounts for the variable number of
s ± SD from four (control, 0 lM propofol), three (2.8 and 8.6 lM propofol), or two
/Gmax ± SE is shown for select voltages. At 45 mV, G/Gmax decreased by 8% and 17%
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negative voltages can be dissociated.
After VDAC closure, and in response to decreasing transmem-
brane voltage, re-opening of channels is fast (sub-milliseconds)
[44], and can be measured as an increase in channel conductance.
With a two-state model of VDAC gating, where the channel is
either open or closed, the conformational equilibrium of channel
re-opening can be quantitatively described by the gating parame-
ters V0, which is the voltage at which half the channels are open,
and n, which is the effective gating charge and describes the steep-
ness of the voltage dependence [2,36]. At negative voltage, propo-
fol did not affect either gating parameters V0 or n relative to control
experiments (Table S3), suggesting that propofol might speciﬁcally
inﬂuence initiation of VDAC gating as opposed to the dynamics
associated with channel re-opening.
A similar asymmetric increase in VDAC gating at the same (nega-
tive) voltage polarity has been previously observed by increasing the
mole fraction of non-lamellar lipids in themembrane [2,45]. This ini-
tially suggested that propofol might be affecting VDAC by changing
the properties of the surrounding membrane. However, in contrast
to propofol, membranes of non-lamellar lipids clearly affect channel
re-opening, as the voltage at which half the channels open, V0,
decreases while n remains constant [2]. Non-lamellar lipids likely
affect VDAC through increased lipid packing stress on the mem-
brane-embedded channel at the depth of lipid acyl chains. In the pro-
posedmodel [2], VDACconformational transitions are sensitive to the
pressure in the hydrophobic core of the lipid bilayer, and upon gating
at negative voltages, the external shape of the channel can relieve ele-
vated pressures that derive from that depth in the membrane [2,45].
Therefore, to further differentiate the effects of propofol from
those of non-lamellar lipids, we performed experiments with
gramicidin A, an ion channel with properties known to be modu-
lated by lipid bilayer mechanics. This channel is a sensitive molec-
ular probe of, e.g., lipid packing stress [2,46–48]. Gramicidin A
forms shorter-lived channels as the fraction of non-lamellar lipid
in the membrane increases [2,48]; however, propofol (1–40 lM)
did not affect gramicidin A channel lifetime or conductance in
DOPC/DOPE membranes (Fig. S4).
The absence of a propofol effect on gramicidin A suggests that
the general anesthetic acts directly on VDAC through protein bind-
ing, potentially through our identiﬁed sites. The measured effect of
propofol is enhanced VDAC closure at negative potentials. Together,
the locations of these sites suggest that the distal portions of b-
strands regulate the dynamics associated with initiating closure.
The physiological role of VDAC gating itself is a matter of conjecture
[49], and future work will aim to determine the relevance of
enhanced closure. Although it is unlikely that VDAC modulation
contributes to anesthetic hypnosis [12], potentiation of gating
could potentially modulate neuronal apoptosis or metabolism [49].Acknowledgements
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